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» Theoretical motivation for this search

» The BaBar detector and dataset

» Analyzing the dataset and measuring the
invisible branching fraction of the Y(1S)
meson

» Systematic errors — still in progress!
» Conclusion

03/31/2009




» 25% of energy in
the universe 259 Dark Matter

» WIMP's typically ' e w
~10's of Gev to
several TeV 70% DarkEnerg)

» MSSM neutralino
must be >6 GeV

» What about lighter
dark matter?
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f @\gﬁgessmle to Colliders

» Lighter Dark Matter’
® Astrophysical Evidence *”‘ #
* 511 keV photons 5110.;’“’@“ o __;-__'-_wam
from galactic center? : /
« Implies DM < ~100MeV 3

490 495 500 505 510 515

® NMSSM* can give DM with this mass E (keV)

® Low mass dark matter can couple to Y(1S3)

» Allows Y(1S) to decay invisibly &
+ s-wave — BF = 4.2(110* Z__pertcks
e p-wave — BF = 1.8[107

1. McElrath, Bob, Phys. Rev. D72 103508 (2005) arXiv:hep-ph/0506151 0
2. P. Jean, et.al. Astron.Astrophys. 407 (2003) L55 arXiv:astro-ph/0309484v1

/"‘invisible”
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4 McElrath, Bob, arXiv:0712.0016v2
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» The Standard Model Prediction® for the
branching fraction of Y(1S) invisible decay is
~110°

» We will be able to set an upper limit at a 90%
confidence ~10%, so this is a search for new
physics enhancing this decay

1. Chang, L. N. and Lebedev, O. and Ng, J. N., Phys. Lett. B441 419-424 (1998) hep-ph/9806487
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¢S Potential

» Unparticles'

® Unparticles have a continuous mass
spectrum

® Measurement constrains the dimensionality of
a scale invariant sector and the energy
scale of this new physics

» Y(1S) = “invisible” measurement cannot
differentiate between these scenarios

» Current limits on this decay come from Belle at
BF < 2.5[10°[90%CLJ?

1. Georgi, HowardPhys.Rev.Lett.98:221601,2007  arXiv:hep-ph/0703260v3
2. Shao-Long Chen, Xiao-Gang He, Ho-Chin Tsai JHEP 0711:010,2007 arXiv:0707.0187v3
3. Tajima, O. and others, Phys. Rev. Lett. 98 132001 (2007) hep-ex/0611041
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}&:ﬁﬁ@?ﬁ%cay of the Y(1S)

0

» How does one detect an “invisible™ decay?

® BaBar has gathered a collection of Y(3S) mesons

® The Y(3S) has a decay mode of
Y(3S) = Y(1S)mt'1T, providing a data set of Y(1S)
particles that can be identified without a visible
decay by the presence of these two pions
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5 B
gsics at BaBar

#Qriginally designed as a “B”
meson factory — Running at
Y(4S) resonance, creating B L
and anti-B pairs A

sDecember 22™ 2007 — case to
run at Y(3S) resonance was
made, BaBar became a “b” # panping
quark factory ~ .

Linear
Accelerator

Positrons

\\\\\
Low E(nergy Ring

Particle Detector

Electrons

High Energy Ring
(upgrade of existing ring)

SLAC Site
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ysics at BaBar
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Integrated Luminosity [fb™]

90

40

30

PEP Il Delivered Luminosity: 56.82/tb
BaBar Recorded Luminosity: 54.00/fb
BaBar Recorded Y(4s): 0.78/fb
BaBar Recorded Y(3s): 30.22/fb
BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 8.54/fb

Dalivered Luminosity
Recorded Luminosity
Recorded Luminosity Y{4s)
msssses  Recorded Luminosity Y(3s)
Recorded Luminosity Y{2s)
Off Peak

03/31/2009

122 Million Y(3S) at BaBar
11 Million at Belle
6 Million at CLEO

122 Million Y (3S) with a
branching fraction of

0.0448 to Y(1S)m' 1T
gives 5.5 Million
potential Y(1S) mesons
that can be identified
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‘ Muon/Hadron Detector

-
i

Magnet Coil

. Electron/Photon Detector

. Cherenkov Detector _
. Tracking Chamber ‘

. Support Tube

‘ Vertex Detector
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5 layer double sided
silicon strip detector
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&
%gnetic Calorimeter

6500 Csl Crystals
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.‘ﬂneﬂngtr.ﬁrﬂeﬁtgd Flux Return Detector
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End Doors

4-2001
B8583A3

03/31/2009 Lucas Winstrom - UCSC



» |dentifying Y(1S) candidates

» |dentifying potential backgrounds to the
measurement

» Measurement of the signal
» Finding the recoll mass shape
» Systematic Errors
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recozl S+mrrrr_2\/;E7TTr
Mass that pions recoil against
Data Superimposed on

Monte Carlo Simulation

Mass that pions recoil against
Monte Carlo Simulation

N{) :' T I(ﬁ mbl | T TT I LI | LI I LI | LI | LI I |: NO :I |
> S0 F—— ot MG Peaking Background 3 uw - =
& [=== Rad. Dilepton MC ; R
§ a0p [ Y+(3_Sj| F}e.n(.et::c mg / B § 10000 :_‘ - -
: B n*w + invisible ] :
S = BABAR - s ¥ E
= preliminary B = 8000
o ] o ]
0 ] B eo00 - BABAR 3
T—— qgMC preliminary :
200 . [—— wtMC i
Non-Peaking Background 1 4000 == Rad. Dilepton MC E
- - Y(33) Generic MC
100 7= ] 2000 - * + invisible MC -
B 7 == Sideband Data ]
o I S WP PRSP IP PP P W 0
938 94 942 944 946 948 95 952 954 938 94 942 944 946 948 95 952 954
Dipion Recoil Mass (GeV:‘cz) Dipion Recoil Mass (GeV;’cz)

P Two Different types of backgrounds — peaking and non-peaking

P Most of the data excess comes from poorly modeled photon photon fusion events
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» Looking at various data samples allows us to

perform this measurement

“There are known knowns. There are things we know that we know.
There are known unknowns. That is to say, there are things that we now
know we don’t know. But there are also unknown unknowns. There are
things we do not know we don’t know” -Donald Rumsfeld

» Detectable Y(1S) Decay
® 2 Lepton Collection
® 1 Lepton Collection
» Undetectable Y(1S) Decay
® On Peak Collection
o Off Peak Collection

03/31/2009 Lucas Winstrom - UCSC
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 Determine Signal Shape

Wn Knowns”
o Fit to MC Simulation

2 16000 %—"2’_"“”1 " =

’ We Wa nt the Shape Of 5140002_::; 0:-:1024»:1_31.0.000022 BAIBAR _i
LI . S 12000 = = 9.460150 = 0.000024 preliminary 3

the dipion recoil mass . :

op = 0.002511= 0.000020

spectrum

» We gather data with 4 so0e

2000 —

traCkS: 2 SOft traCkS from &'4:4 9.445 945 9455 946 9465 947 9475 9?48

. m,_, (GeV/c)
pions and 2 hard tracks ~ FittoData
from Y(1S) = Il g L A

» We fit a “Cruijff’ function g oo BiBAR

plus a linear function to L canene o

6000 ;.. signal= 0.9646 + 0.0038

this to find a signal 000~
shape 2000~

§aa 9445 945 9455 946 9465 947 9.475 9.48
My (GEV/CD)

1 { EXP[_(m’remﬂ — ;U)g/(zﬁﬂ% + &L(m’recoﬂ — f—ﬂ)g)]a Myecoil < [}

C 1 ; j& O, ¥ ‘JJ = a7
(Mrecoiti 1 L, oL @R, OR) = exp[—(mrecon — 11)*/(20% + oR(Mrecoit — 11)*)]; Mrecor > ft-
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itBWiSCrimination Algorithm

mi%;Forest (MVA)

» Decision Tree » Training our Random
Forest

® Sideband Data as
background

® Signal Monte Carlo
@ @ simulation

o

y y y y
1|0H0H1H0H0H1H1\ %‘“E' | | | E
o E
» Random Forest of =it et SRV
Decision Trees §amE == amo E
= mi— 1gl'ﬁlriav::l_ Dilepton MC —i
®Random ordering of inputs mf SRS L B
in many trees mmf— = Sideband Data preliminary 3
®final output weighted ;====4__—.=l.= —
average of these e Efpm I Mas:iﬁﬂwg)ﬂ
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List of MVA Inputs:

| Dipion vertex probability
» Need information 1390— vesGeneioe — | cos(Brr )]
that can discriminate [ == """ BABAR 7 Dipion pr
between signaland = *  Pion PID
1000 [ s — . aa .
background events ... 1 ChargedTrack multiplicity, in-
o 1 cluding the pions
mUSt be . 00_ 01 02 03 04 0_;)_ 05 Vm 08 (;;V;’ _1 C{]Sj]]E ﬂf ﬂ]ﬂ CM a_ﬂgle I}EtWEE]]
uncorrelated with \ pion Veetor i Y9 the  highest-momentum neutral
dipion recoil mass ST [Ty —— cluster and the normal to the dip-
. . 7500;— = + invisible MC —_ ll‘.]Il Plaﬂe
» Train the algorithmon ™ _ """~ p p. 1 ——— e Tiehes
sideband data as the ™ pelinnary 7 Invariant mass of the highest-
wE .1 momentum pair of neutral clus-
background and : {0 iers
Monte Qarlo Smg_ | Total exira neutral energy in the
simulation of the : CM frame
Si n a I ° 0 02 04 06 08 1
9 Dipion lcos(® CM Energy of the highest-energy
neutral cluster
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» Want to discriminate
between a signal and
backgrounds without using
the recoil mass of the

dipion system

bni

(=]
S m
=
=
=
o

(=1
s

» Construct a decision tree
random forest algorithm to
differentiate between signal
and background events

» Choose MVA cut to
maximize figure of merit
and minimize upper limit on
measurement
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i;’ﬂf'@‘%‘a“"% Correlated with Dipion

o8 €T wot REEoil Mass

» All the MVA Inputs are individually
uncorrelated with dipion recoil mass

» \Want to make sure that no function of the
iInputs can predict recoil mass

» Use a Neural Net

® [nputs from MVA
e Trainonm

recoil
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Giving the Neural Net the additional information of the
two pion momenta from the dipion system allows it to
predict the dipion recoil mass quite well

[— Iy ey /
95— NN Predicted
o.4a] RECOI Mass (GeV) :
. N E L ke 4
Training a Neural Net on the same inputs g 46|
as the MVA but using the recoill ;
mass of the dipion as the output results —9.44 iy BABAR
in an uncorrelated NN output o aok. 7 i
o5 NN Predicted 9.4 } ~,  True Recoil Mass (GeV)
Recoil Mass (GeV) 9.4 9.42 9.44 9.46 9.48 9.5 9.52
9.48
9.46|~ e
9.44
- BABAR
9.42 — preliminary
9.4|— | ~ True Recoil Mass (GeV)
9.4 942 944 946 948 95 952
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» We expect some decays of the Y(1S) to go undetected
because of the non-hermeticity of the detector

» Almost all (99.8%) of these come from Y(1S) — I'l" in the
case that the leptons escape down the beam pipe

OF W () E 140 o ()
- oo - - N (e7 e) .
140 Wt (e €) - _ : E
120 - Wt (T 120 - BAB B () ]
- - Generic 3S BABAR 100 pgiméﬁ ——Generic 35 —

preliminary

100E" ot (Other) ~ ' (Other) -

80 |
80 -
C 60
60 C
40 40 C
20 20
ok ]
0
01 02 03 04 05 06 07 08 09 1 9044 9445 945 9455 946 9465 947 9475 948

mva Recoil Mass (GeV/c?)

03/31/2009 Lucas Winstrom - UCSC

26




» In addition to the 2 lepton sample used to measure
the signal shape, we also collect a 1 lepton sample

» Use this sample to assess the accuracy of the
simulation in angular distribution of the lepton
decays, allowing calculation of undetected decays

Dipion Recoil Mass of 1 Lepton Sample Zoom

[ 7]
=]
1

N

reliminar

Events /( 0.001 )
Events /( 0.001 )

200
100
9.42 944 946 948 9.5 9.52 ) . )
M, oeoq (GEV/C?) M, ooon (GEV/C?)
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1.
03/31/2009

» We want to compare our Monte Carlo simulation of
Y(1S) — Il with the actual data, which incorporates a
component that does not come from this process

» We appeal to a technique known as sPlots:

around

Signal --éﬂ:u:k
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s T
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Weighited signal events

s

c
21000

=

=]
T T

uriel Pivk, Francois R. Le Diberder Nucl.Instrum.Meth.A555:356-369,2005
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NN <
ﬁg gl%tion with Control Data

‘Use 2 Lepton Data Sample in a L
restricted range of the detector to =~ "=roe ™ f ]
calculate a correction factor for the s o I\ +#+H++++ fs ey £ 8
yield of the simulation E
sApply this correction factor to both o P
the 1 and 2 Lepton simulated o preliminary
datasets and compare with the Data RS T:
: 1 0 01 02 cos(ﬁlﬂ)j
\ sPlot of 1 Lepton Data,

o —@mc !t "t b C ]
]m:_:gahaﬂ.CDilepton MC E B — Y(3S) MC E
e 09 pone BABAR z o0 E

:E a reliminar ] -
wb E "|Data 1 Difference Seen
wm - ] at edge of
- E_ 200|- - = deteCtOr
wE . BABAR ]

E_ 100 preliminary

-1 05 0 Ei on cos(d }1 03 3 {.OE(BI ]:
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*%pton Simulation

» Use a “killing” procedure on simulation at edge of detector to align
with data

P Events that are killed are added to the undetected simulation,
correcting the expected number of undetectable events

Frrrr 1 rrrr [Ty L L A I LA L LR
s — Y(3S) MC s —Y(3S) MC -

: ~|Data : | : ~|Data
200 — BABAR—E 200 BABAR—:
C prellmlnaryi preliminary
f f f
ﬂ:.. ....|....|....|...: {,:...!"'l.'-....l....l....l...:
-1 09 08 01 06 05 1 09 08 07 06 05
cos(6)) cos(6)

» Use corrected simulation and killed events calculate expected
yield: 2301 from scaling and 169 from killing, totaling 2470
expected.
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|s|ble Data Set

g =
‘}‘f' ». ’lkm Unknowns™

Unbinned Maximum Likelihood Fit
Unblindqd IDgt? -

| | | | | | | |
BABAR
preliminary

- ]
2 700 “ . S S Total Fit

. ol I ? i T
_ =P R et - ’ :

o

@In order to find the signal yield, we use a Maximum Likelihood
fit of three functions:
» Use a first order polynomial background with floated yield
» Use a Peaking Function of the fixed appropriate yield
» Fit another Peaking Function with a floating yield
@ This floating yield is the number of invisible decays
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» Use method of Feldman

rrrrrrrrrrrrrrrrrrr

--------------------------------

and Cousins' to estimate
sensitivity to signal

True Branching Fraction
=

® In the absence of signal ”1;
BF =0+1.6[10*(stat.) M

. 68% Confidence Belts

BABAR

preliminary

» Run “Toy Monte Carlo” 10

00002 0 00002 (U0 0U000G 00008 0001 00012 GO014

Fitted Branching Fraction

Experiments with different
signal hypotheses

0.7

06

» Calculate 90% confidence
limits in the absence of a

True Branching Fraction
o
=]

signal N
® BF < 2.8104[90%CL]

BABAR

preliminary

90% Confidence Belts

00002 0 00002

(U0 03006 00008 0001 00012 00014
Fitted Branching Fraction

1. Gary J. Feldman, Robert D. Cousins Phys.Rev.D57:3873-3889,1998 arXiv:physics/9711021v2
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» Currently calculating systematics for this
measurement

® 2 Lepton scaling correction — 1.1%
® 1 Lepton correction — 2.0%
® Hadronic Peaking Backgrounds — 0.6%
e Software Trigger — 0.9%
® Y (3S) Counting — 1.1%
» MVA systematics still under investigation
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O
g&gte of Analysis

» Checking effects of MVA on data and simulation

» Using sPlots to project distributions of MVA inputs
from invisible dataset and compare them to

predictions
800 - T T T ] = T T T T T T T T T T T T T T
= - 1000 |— —]
700 |~ E B + ~
00 - Peaking Y(38) MC _f 200 - Peaking Y(38) MC ]
500 — —E
600 — 1 ]
WE e Peaking Signal Region _E B —s— Peaking Signal Region Data |
300 | ]
= BABAR = UF L -
200 ;_ przjelliminaryr _; - BABAR .
3 200 ~ preliminary N
100 - — — ; ; - -
n:||||||||||||||||||||||||||||||||||||||||—}-H|||||||: n_- e ‘_iuiu ol Ly ]
0 01 02 03 04 05 06 07 08 08 1 -1 035 0 05 1
Dipion P; Dipion cos(8)
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N R Y g

<Y L 't
gh@ on Control Sample

....‘#. 8> _

» Excellent agreement 600 mm Y53 o
between data and ook
Monte Carlo s00- BABAR :
simulation in 2 Lepton "

Control Sample ot
-1 -0.5 0 0.5 1
cos(0,,)

» Suggests perhaps

: . S
differences in the 700F BABAR — Ly
. B Y(33) (other) 3
hardware trigger o o S Loponc
efficiency for the data 400
and simulation in the 300
200
0 Lepton Sample 0
0

0.5 0.6 0.7 0.8 09 1
cos(0,.,)
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2\
s, Discrepancy

» Check correlations with hardware triggers in
these variables

» Look for other variables involved in the MVA
that are conspiring to shift these distributions

» Look at models of dipion transition used
within the Monte Carlo simulation (from

CLEO").

1. D. Cronin-Hennessy, et al Phys.Rev.D76:072001,2007 arXiv:0706.2317v2

03/31/2009 Lucas Winstrom - UCSC




» After eliminating data used for training the MVA,
we have 91.42 million Y(3S) events

» A signal efficiency of 16.4% and a
BF(Y(3S) = Y(1S)m'mr) of 4.48% giving ~67.2
thousand Y(1S) mesons

» \We measure a yield of BF(Y(1S) — invisible) that
IS consistent with zero

» \We are in the process of calculating systematics
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» Exciting new result from our exciting new dataset

» Hopefully, we will soon have the systematics
complete and will be able to quote a new limit

® Data set 7 times as large as previous data set

e Upper limit estimate of 2.8[110* as opposed to
previous best of 2.5[110

® Will constrain NMSSM predictions that go up to
4.2(10*

» The systematic error estimation is still ongoing

® Analysis still in progress and undergoing internal
review

03/31/2009 Lucas Winstrom - UCSC

38



@)
)
@)
5
=
o
=
Z
=
w2
<
Q
=
—

03/31/2009




» Unparticles and Y(1S) — “invisible” + []

» Allows identification of mass resonances or a
continuous mass spectrum, differentiating
between standard particles or unparticles
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VA Inputs
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%ﬁn Data Set
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» p,for 2 Lepton Data — Lower Statistics
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» Changing the MVA cut to 0.1 gives a different
distribution in these variables:
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